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1975.-The hormone-substrate milieu has been investigated in male fasted lean (C57BL/6-+/+) mice and mutant obese mice of the same strain (C57BL/6-0606).
The The human studies thus far performed have shown that the fasting adaptation consists in altered fuel mobilization and consumption so as to selectively utilize fat, the most efficient energy storage form. This allows for conservation of body protein, which exists in minimal quantities by contrast to fat (in terms of calories available when mobilized), and the loss of greater than half of which is regarded as incompatible with survival. This protein sparing is the result of an adaptation of most tissues, including the central nervous system, to the oxidation of either free fatty acids or ketone bodies as principal fuel. In particular, the mechanisms whereby progressive curtailment of amino acid mobilization from protein stores (usually cited as primarily muscle protein) is achieved remains at present hypothetical.
The origin of the carbon skeletons which are released from muscle principally as alanine (4) and glutamine (5) remains the subject of controversy (6, 8) . Similarly, the mechanism whereby the central nervous system adapts to ketone body oxidation . ra .ther than glucose oxid ation, remains incompletely defined (20, 31; 35 By contrast, the obese mutant of the same genetic strain (the C57BL-obob) is able to achieve prolonged survival of fasting. This obese mouse, generally studied in the context of a model for obesity, hyperglycemia, and hyperinsulinemia, thus provides a model which is susceptible to further study of the adaptive mechanisms referred to, although some may differ from those found in man. 
RESULTS
The period of fasting in each of these groups of mice was determined in preliminary observations of the duration of survival. For the lean mice, survival in winter (November and January) was limited to 3.5-4 days, and hence the fast was terminated at 3 days. By contrast, in summer (July), animals remained alive until the 8th day, and in this group Each point is mean =t SE of from 6 to 11 animals for lean mice and 5 to 7 animals for obese mice.
7 days was taken as the limit for study. Obese mice, of the size employed, survived fasting more than 4 wk, but 16 days was chosen as the end point since the adaptation is considered to have reached a steady state by this time. At the latest time of sacrifice in both lean groups, there was no visible adipose tissue. In marked contrast, the obese mice at 16 days had abundant residual fat stores, still appeared clearly obese, and showed no signs that might be interpreted as due to vitamin deficiency.
A variation in the response of the lean mice between winter and summer was apparent in metabolic parameters, corresponding to the difference in survival time. Body weights were identical in the fed state, as was the loss over the first 2 days of fasting (Table 1) . Thereafter, the summer group lost at a slower rate. In respect to circulating substrates, it is notable that the decline in glycemia was delayed, but to a comparable nadir in the summer group (Fig. 1) . Among the important substrates for gluconeogenesis, differences in both absolute levels and in pattern of change were observed. Lactate and pyruvate levels were higher initially in the summer group, and the decline observed was less in magnitude (Fig. I ). Marked differences in plasma alanine and glutamine responses occurred (Fig. 2) . The initial alanine values were higher in the summer group, though both decreased during the 1st day and showed a trend upward after the initial decline. However, in the winter group, a profound rise occurred on the 3rd day, just prior to the expected death of the animals, and such a change did not occur on day 7 in the summer group.
Again, for glutamine, the initial values were higher in summer, and, contrary to winter, a transient fall followed Each point is mean & SE of from 6 to 11 animals for lean mice and 5 to 7 animals for obese mice. showed an initial increase, followed by a second increase (at 3 days), analogous to that of alanine. 
at 0.09 =t 0.02 at 2 days and 0.06 =t 0.02 g/100 g wet wt at 3 days.
Metabolites, whose concentrations are considered to reflect the rate of fat mobilization, likewise showed important differences in the two lean groups (Fig. 3 ). An early doubling of FFA from already high levels, followed by a decline, was observed in summer. (Data for winter were not obtained.) Blood glycerol, higher in summer, showed a modest rise only at 4 days, whereas in winter, no change occurred, apart from a striking terminal fall. Both 'rketone acids," P-hydroxybutyrate and acetoacetate, were lower in the fed state, but rose to much higher fasting levels, which were sustained in summer. Again, a marked terminal decline occurred in the winter group. The total fat content of fed animals (summer) represented 18.9 & 2.0% of body weight, or 3.45 g per mouse. By 3 days this had declined to 8.2 r+. 0.3 % or 1.2 g ( n = 10 in each group).
Such data were not obtained in winter.
The changes in circulating metabolites were associated with a high and unchanging rate of urine urea excretion in the winter group (Fig. 4) . By contrast, there was a lower initial urea excretion, followed by a progressive decline in the summer. The cumulative total of urea so excreted over 3 days in winter was 144 mg, whereas it was 154 mg over 7 days in the summer.
The excretion of urinary creatinine diminished progressively to about half of initial values in both groups, though it started at higher levels in winter.
Circulating hormone levels are shown in cline in IRI from comparable fed values occurred in both seasons. An initial rapid fall in both was followed by a plateau and an additional terminal decline. IRG values in winter showed no change, except the suggestion of a terminal rise, whereas in summer a slight, progressive decline occurred.
Such alterations induced a downward shift in insulin/glucagon molar ratio with the onset of fasting, which reached a plateau in summer, but dropped sharply on day 3 in winter.
Turning now to the obob mice, differences in virtually all parameters were observed when compared to lean mice studied during the same season. Though of the same age, the initial. body weight was almost double (Table  1) . A loss of 3 g the 1st day was followed by a lesser rate of loss which stabilized at 0.5 g daily after 3 days. After 16 days, they were still heavier than the lean mice at the outset. Zero time plasma glucose was comparable (Fig. I ), but the decline was considerably slower in the obese, and reached hypoglycemic levels by 16 days. In relation to levels and trends of gluconeogenic precursors, a variety of differences was observed. Lactate and pyruvate values were comparably elevated initially and showed a trend downward with time (with the exception of a transient fall at 16 h). Whereas plasma alanine began considerably higher in the obese (Fig.  2) it dropped rapidly and tended to continue to decline thereafter.
Completely different, the fed plasma glutamine was lower, and it rose progressively to 8 days, then declined slightly. Again, in contrast to the lean, the plasma glutamate was higher, declined until 8 days, then rose at 16 days.
The circulating fat-derived substrates all increased in concentration from zero time and remained elevated for the time intervals studied (Fig. 3) . Whereas FFA began lower, its values never exceeded those seen in lean mice. This was not the case for glycerol and ketone acids, however (particularly P-hydroxybutyrate), which rose to concentrations significantly higher and generally remained higher. The index of hepatic amino acid catabolism employed, the urinary urea excretion (Fig. 4) , was initially identical to that of the summer lean mice, but increased for 2 days, then rapidly decreased to levels below control, tending to plateau at one-quarter of this value from day 9 onward. The values from day 3 to 7, however, were superimposable upon those of the lean group which survived. Total urea excretion over the period studied was 240 mg. Interestingly, though twice the body weight, the creatinine excretion began at one-half that of the summer group of lean animals, and after a 1 -day increment, oscillated irregularly, but remained little changed from the initial value.
Circulating hormone concentrations showed the typical profound fed hyperinsulinemia, which dropped equally profoundly by 16 h, then more slowly thereafter ( Table 2 ). The limited IRG data demonstrate no difference when compared with the lean mice in the fed state. The combination of exceedingly elevated plasma IRI and unaltered IRG resulted in a markedly elevated insulin/glucagon molar ratio, which despite a decrease in IRG at 2 days, still dropped by g because of the change in IRK The pancreatic contents of IRI and IRG in lean and obese mice, both groups fasted during the summer, are shown in Fig. 5 . The XRI content in the fed state was greater in the lean, and a marked departure was observed in the responses to fasting. Whereas the lean mouse showed no change in content until a gradual decrease began at 3 days, the obob showed a fourfold increase in content on day 2, which remained elevated at 8 days, and subsequently decreased to the control value on the 16th day. The IRG content was slightly greater in the fed obese than in the lean mice, also responded by a transient increase, maximal at 16 h, but falling below control values on days 8 and 16'. The IRG content of the lean mice decreased progressively to day 4, then rose, but not to control values by ~&JJ 7.
DISCUSSION
Previous studies of prolonged fasting in species other than man have demonstrated characteristic metabolic responses, which deviate markedly from that of the human. Dogs survive at least 2 wk of fasting, but demonstrate exceedingly limited ketosis and a small increase in ammonia excretion, reflecting a small contribution of the kidney to the synthesis of such new glucose as is formed (25). Recent studies in nonobese adult rats by Parrilla et al. (unpublished data) have shown that the ability to survive fasting in this species is limited by the availability of fat and carbohydrate (as glycogen) as oxidative substrate. Hence, the .urinary nitrogen (primarily in the form of urea), an index of body protein mobilization, increased progressively from the 2nd to 6th day of fasting. In addition, the rate of conversion of amino acid substrate to glucose was shown to increase sevenfold by the 6th day of fasting, and the release of amino acid from protein stores as inferred by plasma levels increased progressively as well m
In the present study, the lean mouse, studied in the winter, demonstrated a very similar response to that shown for the rat (unpublished data). This response is interpreted as the result of insufficient caloric reserves to supply the requirements of the organism or alternately that such reserves as are present are not made available in foto. An initial fat mobilization occurred, as inferred by the development of mild ketosis. However, the sudden drop in both ketone body and glycerol levels after 2 days, at a time at which many of the animals .died with no visible adipose tissue, suggests that available triglyceride stores had been consumed. Thus at no point did these animals show the ability to convert quantitatively to the consumption of fat-derived substrates, in light of the unabated high level of urea excretion. Indeed, the sharp elevation of plasma afanine and glutamine at 3 days could be viewed as an attempt of the organism to mobilization for conversion to glucose as an increase protein energy source to replace the declining availability of fat-derived fuels. Such a rise in amino acid concentrations could as well represent decreased uptake by the organs competent for gluconeogenesis. Nonetheless, the hypothesis of increased mobilization is favored by the stable blood glucose levels, since declining glucose synthesis might be expected to be accompanied by hypoglycemia.
Adibi (1) has shown a similar early fall in circulating alanine and glutamine in 8-day-fasted rats, though no terminal rise in concentration was observed. Death could we11 have supervened in the mice as the result of excessive protein loss, which has been shown to be associated with death from malnutrition in man (18) . The early fat, amino acid, and probably glycogen mobilization is likely to have been primarily regulated by falling insulin levels and by the interaction of insulin and glucagon levels (29). The later response, associated with decline of fat-derived substrates and rise in amino acids, remains unexplained on a hormonal basis. It may be related to a direct effect of free fatty acids and/or ketones on muscle amino acid metabolism (7, 8) .
These terminal responses of the lean mouse are of interest in light of the usual link between hepatic ketogenesis and gluconeogenesis in low-insulin states (16). If the rise in amino acids represents an outpouring from muscle in an attempt to maintain the flow of substrate (as glucose) for oxidation, a concurrent increase in hepatic gluconeogenesis might be predicted, but in a situation in which the energy supply for this process can no longer come from fatty acid oxidation. An analogous adaptation has been demonstrated in the fasted newborn rat, in which gluconeogenesis is inadequate to maintain glycemia, due probably to the absence of fatty acids despite adequate glucogenic substrate and activity of appropriate enzymes ( 19) . The seasonal alteration in response in lean mice consisted of the appearance in the summer of the ability to mobilize fat to a greater extent, resulting in ketosis of greater magnitude and longer duration, coupled with the ability to decrease protein mobilization, and hence prolongation of survival. Such a finding is explained neither by differences in levels and relationships of the hormones assayed nor by environmental or dietary changes, since stringent efforts were made to keep these constant. This does not, however, preclude some unrecognized technical artifact, though it is considered unlikely. Studies of body composition changes with season are unavailable for this strain. However, it has long been appreciated that rat adipose tissue responds to stimuli of lipolysis in vitro to a markedly greater extent in summer than in winter (24), though the mechanism is unknown. Hence it is possible that an analogous in vivo effect is operative in the present study. Interestingly, the total amount of urea excreted in the two seasons was equivalent, though spread over twice the duration of time in summer. This suggests that the mobilization of the same critical amount of protein in both seasons is an important limiting factor in survival and that this amount is not a function of the season.
It is noteworthy that the pattern of plasma amino acid response in this situation in which some protein sparing occurs is not equivalent to that observed in man with respect to alanine (13, 14) or glutamine (4). In man, alanine falls precipitously, then continues to drift downward, whereas gIutamine shows a progressive decline with time. Such changes have been shown to be due to curtailment of muscle release (12, 28). H ence, the differing pattern of response in the summer group of mice could reflect a different mechanism of protein conservation.
Since neither amino acid turnover nor metabolism of individual tissues has yet been studied, however, inferences regarding mechanism are unwarranted. Though recent studies have demonstrated that blood cells participate in interorgan transport of amino acids (2, 3, 15), the patterns of response in the present study in which whole blood alanine was measured as we11 (unpublished data) were identical to those presented for plasma. Whereas the lean mouse in summer was able to achieve a degree of prolongation of survival, compared with its response in winter, the obob mutant was able to achieve a highly successful adaptation consistent with proIonged survival. This was accomplished by a pattern of protein mobilization identical to that observed in man, namely, early mobilization followed by marked curtailment. It is of interest that the magnitude of urea excretion was at no time as great as that of the lean mice in winter, and the cumulative total over a period 5 times longer was less than twice. (The magnitude of such mobilization in the mouse must be considered an underestimate, since total urine nitrogen was not determined, and hence, the nephrogenic component, ammonia nitrogen, which increases in man to maintain acidbase homeostasis, is not included.)
It was of interest that the pattern of creatinine excretion was different in the obese mice from the lean. In the lean mice, as has been shown in the rat (unpublished data), it decreased steadily throughout the fast. Xn the obese, however, it remained largely unchanged up to 16 days of fasting (Fig. 1) . If it is true in the mouse that creatinine excretion is an index of muscle mass and activity, this finding suggests that the lean mice has lost more muscle mass during the fast than the obese, suggesting that the obese mice may derive a portion of th e gluconeogenic amino acids from tissues other than muscle.
Of great importance in this adaptation is the rise in FFA and the higher and more sustained levels of blood ketone acids in the obese. The inference is that, as has been shown for man (31), the obob mouse is able to conserve protein by the conversion of the central nervous system to ketone-body oxidation from that of glucose. The appropriate alterations in brain enzymes have been shown in the fasted rat (35). Furthermore, ketone bodies have recently been demonstrated to be major metabolic fuels for the brain in suckling and adult rats (20) Again, the response of plasma amino acids differs both from that observed in man (particularly for glutamine) and the lean rat. Since all patterns were consistent with protein conservation, it is apparent that further studies are required to elucidate the various possible mechanisms.
It is of note that the plasma IRG of the obese did not differ considerably from that of the lean, either fed or with fasting. This contributes to an exceedingly high insulin/ glucagon molar ratio, thus far demonstrated only in the fetal rat (19) and considered to be one of maximal anabolism. Even with the fall seen after 2 days of fasting, the ratio remains greater than that in the fed lean mice. It is conceivable that such a ratio may contribute importantly to the pathogenesis of the syndrome of obesity. Abnormalities of glucagon secretion have recently been reported in obese man (23, 41) , though the results have been conflicting, and the mechanisms for either result have not been clearly defined.
The pancreatic content of IRI observed in both lean and
